carbon nanotube porins (cntps) are 10-to 20-nm-long segments of lipid-stabilized single-walled carbon nanotubes (cnts) that can be inserted into phospholipid membranes to form nanometer-scale-diameter pores that approximate the geometry and many key transport characteristics of biological membrane channels. We describe protocols for cntp synthesis by ultrasound-assisted cutting of long cnts in the presence of lipid amphiphiles, and for validation of cntp incorporation into a lipid membrane using a proton permeability assay. In addition, we describe protocols for measuring conductance of individual cntps in planar lipid bilayers and plasma membranes of live cells. the protocol for the preparation and testing of the cntps in vesicle systems takes 3 d, and single cntp conductance measurements take 2-5 h. the cntps produced by this cutting protocol remain stable and active for at least 10-12 weeks.
IntroDuctIon
The physical characteristics of mass transport processes in condensed phases can change drastically when the size of a channel starts to approach molecular dimensions. A simple back-of-theenvelope estimate shows that continuum hydrodynamics start breaking down when at least one of the dimensions of the fluid channel falls below 6.5 nm (ref. 1) . This regime encompasses most of the transport phenomena that occur in biological channels 2 , as well as synthetic nanopores that fall under the nascent field of nanofluidics 3 . Extreme confinement inherent to nanofluidic systems can lead to unusual ordering of water molecules 4 , ion exclusion properties absent in the bulk channels 5 , partial desolvation of ions, and unusually high transport rates for water and protons 4, 6, 7 . Molecular transport through nanopores is also critical for applications such as membrane filtration, dialysis, and nanopore sensing 8, 9 .
Biological nanopores, such as aquaporins 10, 11 or K + ion channels 12 , provide a spectacular example of how nature can use atomic-scale engineering to design nanopores with high transport efficiency and selectivity. For example, aquaporins use an hourglass-shaped hydrophobic channel with a narrow ~3 Å constriction in the middle to achieve very fast water transport rates and nearly 100% exclusion of all ionic species 13 . Other membrane protein channels, such as α-hemolysin, have found widespread use in nanopore sensing 14 . However, most biological protein pores are too fragile for many applications and are difficult to scale up. They also form a channel of one defined size, which makes it difficult to systematically study the effect of the pore size on transport characteristics. Thus, the need remains for a nanofluidic channel platform that is versatile and can be fabricated in a facile manner.
Researchers have used a number of materials and synthetic nanostructures as nanofluidic channel scaffolds [15] [16] [17] . Among those materials, CNTs occupy a rather prominent role owing to their combination of high-aspect-ratio geometry, extremely hydrophobic inner pores, and pore sizes that range from roughly 0.8 to 10 nm. Molecular dynamics simulation studies predicted that the high degree of confinement in the pore and atomic smoothness of the CNT walls could lead to high water-transport rates, a phenomenon that was first observed nearly a decade ago with vertically aligned CNT membrane platforms 7, 18 .
We set out to develop a transport system that would give researchers a robust and versatile nanofluidic platform that preserves the unique transport properties of CNT pores. Our goal was to create channels based on short (~10 nm length) CNTs that approximate the geometry and functionality of biological ion channels, thus giving us the ability to use them in a variety of measurements ranging from bulk-scale liposome-based assays to single nanopore measurements in planar lipid membranes and complex biological membranes. Compared with biological analog proteins, these CNTPs are much more robust with higher stability and a longer shelf life. In our previous work, we have demonstrated the ability of CNTPs to reproduce a number of key properties of biological ion channels, including the ability to transport water, ions, and protons; the ability to self-insert into a lipid bilayer; and even the ability to exhibit stochastic gating 19 . Here we present a set of optimized protocols for fabricating CNTPs and testing their activity in bulk-scale measurements and single-pore recording experiments in model membranes and plasma membranes of live cells.
Comparison with other methods
The first experimental measurement of transport in a CNT pore was reported by the Crooks group 20 using a large-diameter multiwall CNT embedded in an epoxy matrix. Although it was a pioneering demonstration, this technique was impractical for creating membranes or for studying mass transport in truly nanoscale CNT pores. CNT membranes, fabricated by filling vertically aligned nanotube arrays with a polymeric or vapordeposited ceramic matrix, allowed some of the first studies of transport in highly confined pores and were able to verify a number of experimental predictions of fast transport 7, 21 . However, vertically aligned nanotube membranes derived from the chemical-vapor-deposited CNTs proved to be exceedingly hard to make, and nanotube size homogeneity and geometry were still very difficult to control. Later, researchers reported fluidic devices that allowed detection of ion and small-molecule transport through individual macroscopic-length CNTs 22, 23 . These devices offered the possibility to study transport with a potentially better-defined pore size. However, single CNT nanopore devices also presented nontrivial fabrication challenges, and the macroscopic length of CNTs used in such devices made it hard to assess the contribution of nanotube defects on the overall transport efficiency. Wu and co-workers 24 recently reported a technique in which sonication-cut CNT fragments are forced into the lipid membrane using a microinjection procedure. The ability to insert artificial nanopores into biological membranes offers many benefits, chief among which is the ability to use the multitude of experimental approaches that exist for studying transport in ion channels. However, the microinjection technique used to facilitate CNT insertion into lipid bilayers could still limit the applications of this approach.
Applications of the method
Our hope is that with further development CNTPs could find a place in a variety of nanofluidic and nanopore sensing and biointerfacing platforms. CNT porins could serve as a facile and versatile experimental system for fundamental studies of water, ion, or proton transport in nanometer-scale channels. Applications using selective permeabilization of lipid bilayers, such as drug delivery, could rely on the CNT porins as a size-selective conduit of transporting molecules of certain size across the membrane. The ability of the CNT porins to mimic biological protein functionality could potentially lead to interesting therapeutic applications in the nanomedicine area. This new type of artificial pore could also create transport conduits for artificial cells. In another potentially important application class, CNT porins could facilitate ion and proton transport in a diverse range of bioelectronics 25, 26 and bioprotonic 27 devices.
Development of the protocol
The main problem in generating CNTs with lengths comparable to the thickness of a lipid bilayer (~5 nm) is the lack of synthetic procedures that can control the CNT length with such precision. Bulk CNT material is typically grown in an arc-discharge or chemical vapor deposition process, and both techniques have growth rates that are much too high to enable length control at the nanometer scale. Thus, we decided to start with macroscopically long CNTs and cut them down to biologically relevant lengths. Sonication-assisted cutting is the only technique that can efficiently cut CNTs to small sizes, and Dai and colleagues 28 used it previously to generate short CNTs. A strong tendency of the CNTs to aggregate into bundles in solution presents another problem, which we overcome by performing the sonication in the presence of lipid molecules. The lipid coating serves two purposes: it stabilizes the cut CNTs in solution, and it enables natural compatibility during insertion into a lipid membrane environment.
The extreme toughness of CNTs requires prolonged sonication with a horn sonicator at high-power outputs. This process creates significant excess heat that can lead to sample evaporation and deterioration over time. We describe the modifications that we made to the commercial sonication setup in the protocol; however, we also note that other such modifications could be just as effective in maintaining a controlled environment during sonicator operation.
The ionic permeability of individual CNTP channels incorporated into a lipid membrane can provide further insights into their ion transport mechanism. Different experimental systems have been used to quantify single-channel activity in a synthetic lipid bilayer 29 , with the most common approach based on channel reconstitution into planar free-standing lipid bilayers. Small (50-200 nm diameter) lipid bilayers are an ideal platform for characterizing membrane incorporation and ionic conductance of self-inserting membrane pores. Manual and automated systems for such planar lipid bilayer measurements have been described previously 30, 31 .
Further improvement of the single-channel detection, characterization, and extension to much more complicated membrane systems can be achieved using patch-clamp techniques specifically developed for measuring channel activity in cellular membranes. The patch-clamp-based approach, applied to horizontal planar lipid bilayers 32 , can be used to compare the interaction of CNTPs with cellular and synthetic membrane patches. Patch-clamp pipettes can deliver membrane-inserting molecules and porins to the membrane patch-such as in the perforated patch-clamp technique 33 -or they can be used to bring CNTP species to the vicinity of the membrane patch. Another advantage is that typical densities of endogenous cellular channels in the plasma membrane of nonexcitable cells result in only a few channels getting trapped in the patch. The lowered endogenous channel activity is critical for detecting nanopore incorporation into cellular membranes.
Experimental design
The CNTP synthesis protocol involves several distinct stages ( Fig. 1) : CNT purification (Steps 1-5); CNT solubilization with phospholipids (Steps 6-11); ultrasonication-assisted cutting of the raw CNT material and separation of uncut material (Steps 12-24); and product characterization using Raman spectroscopy and functionality assessments using a proton translocation assay (Steps 25-58).
We also provide steps for characterizing the conductance of individual CNT porins in model lipid membranes (Step 59A) and plasma membranes of live cells (Step 59B). Those two options can be treated as optional measurements that assess a particular functionality of CNTPs, or they can be followed to obtain a comprehensive characterization of CNTP activity in artificial and biological membranes.
CNT purification (Steps 1-5). CNT material must be thoroughly purified if it is to be used in a variety of projected biological applications, or even for basic studies. Here we use a nondestructive procedure based on a thermogravimetric analysis (TGA) setup and procedure that produces purified CNT material. We first use TGA to determine the onset oxidizing temperature of the raw CNT material as received from the vendor. Amorphous carbon and other non-nanotube decomposition occurs at a lower temperature and is completed before the onset of single-walled nanotube (SWNT) combustion, where the mass-versus-time curve plateau rapidly drops off at an inflection point as CNT mass losses start to occur. Subsequently, we use the TGA setup to bake off amorphous carbon and other carbonaceous impurities and purify the CNT material. Multiple batches of CNTs can be purified ahead of time, and we recommend storing them in a glovebox under nonoxidizing conditions. CNT solubilization with phospholipids (Steps 6-11). For CNT material to be cut effectively, it must be first solubilized into an aqueous phase. Bath sonication in the presence of lipid molecules helps to exfoliate the individual CNTs from the bundled aggregates. Our protocol uses 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) lipid that is first dried onto the walls of a glass container (to ensure that it is free from all traces of the organic solvent in which it is typically supplied by the manufacturer) and then hydrated with CNT powder in water. Complete hydration of the lipid film and bath sonication as described in the protocol ensures that the CNTs are coated with the lipid layers and are ready for further processing.
Ultrasonication of the raw CNT material and separation of uncut material (Steps 12-24). Shortening of the CNTs is carried out by probe microtip sonication, which induces cavitation and collapse of bubbles near the CNTs and produces progressive fracturing of the macroscopic tubes into much shorter segments. The following parameters were adjusted to optimize for higher yields of CNTPs: solution temperature, sample volume, sonication power, lipid concentration, CNT starting mass, and equipment cooling conditions. The numerous trials of CNT-cutting attempts for this study were performed under controlled conditions, and here we report the optimal parameters that produced CNT porin batches that consistently showed high incorporation yield. The sonication setup and components are detailed in Figure 2 and in Steps 12-24. The resulting CNTPs were imaged using transmission electron microscopy (TEM), which showed that we regularly obtained CNTPs of lengths in the range of 5-20 nm (Fig. 3) .
Product characterization and functionality assessments using Raman spectroscopy (Steps 25-27). The initial quality of the CNTP product can be assessed using Raman spectroscopy. The parameters used to measure the Raman spectra are tabulated in the Equipment Setup section. It is a quick measurement that can be used to assess the presence of CNT material and the relative level of lipid solubilization by comparing the ratios of characteristic CNT bands (G-band at 1,590 cm −1 , G′-band at 2,600 cm −1 and D-band at 1,310 cm −1 ) and lipid (L) peak intensity at 2,800 cm −1 . We found that L/G and D/G′ ratios can thus be calculated and compared to determine sample quality (Box 1). Our results show that CNTP samples with an L/G ratio ≥ 1 and D/G′ ratio ≤ 0.6 were well solubilized, were readily incorporated into lipid bilayers, and performed well in assays for ion transport assessment. In addition, Raman spectroscopy also can characterize the diameter of the CNTP product using radial breathing mode analysis 34 .
Proton translocation assay to measure CNTP activity (Steps 28-58). Typically, the specific activity of a protein is tested for each batch of purified protein product to determine its yield and performance. Similarly, we test the activity of every batch of CNTPs in a biochemical assay that monitors the transport of protons through the porins. CNTs have been previously reported to have rapid proton transport capabilities 35, 36 ; thus, this assay should be sensitive to the presence of even a small number of CNTPs in the membrane.
Lipid bilayers are permeable to protons, and thus they can slowly equilibrate a pH gradient imposed across the membrane. Our assay compares the bulk proton permeabilities of pure DOPC large unilamellar vesicles (LUVs) and CNTP-LUVs. The CNTPs were incorporated into DOPC liposomes, as detailed in Steps 28-58, to form CNTP-LUVs. The liposomes in both cases are formed in the presence of a pH-sensitive dye, pyranine, and excess unencapsulated dye is subsequently removed using a size-exclusion chromatography procedure. The assay monitored the pyranine fluorescence decay driven by pH gradient dissipation across the membrane. Box 2 details the calculations necessary to derive the calibration curve for converting fluorescence emission to the internal liposomal pH, and Box 3 describes an example experiment that compared CNT-LUV and DOPC LUV proton permeability.
Planar bilayer lipid membrane measurements of single CNTP conductance (Step 59A). Single-pore conductance measurements are an important tool for studying transport through nanopores and planar bilayer; black lipid membranes (BLMs) provide a convenient experimental platform for these studies. In the BLM measurement, we form a small lipid bilayer over an aperture in a Teflon film that separates two solution chambers.
Step 59A(i-v) describes the formation of this membrane using a painting technique. Then, we add CNTPs to one of the chambers and monitor the CNTP incorporation by observing stepwise increases in the ionic current between the two chambers (Step 59A(xvii-xx)). 
Box 1 | Determining relative CNTP solubilization with Raman spectroscopy
• tIMInG 2 h procedure 1. Obtain Raman spectra from the CNTPs samples, and normalize the data to the G-peak Raman intensity. 2. Calculate the lipid/G and D/G′ peak intensity ratios. A Raman spectrum (sample A, red) with an L/G ratio ≥ 1 and D/G′ ratio ≤ 0.6 is typical for well-solubilized CNTPs that readily incorporate into lipid bilayers. A Raman spectrum of a sample B (blue) shows a sample processed under nonoptimal conditions. Characterization of the ionic permeability of individual channels is greatly facilitated when only few channels operate in a membrane at any given time. Application of suspended CNTPs diluted by a factor of 10 3 -10 5 ( Step 59A(xviii and xix)) typically produces slow membrane incorporation of the porins, so that individual events indicating the membrane insertion are clearly seen 19 . These measurements are often complicated by the difficulty of controlling the uniformity of such a small CNTP concentration in a comparatively large BLM chamber, and thus we also describe a modification of this technique in which the CNTPs are delivered to a small area of the BLM membrane through a patch pipette ( Step 59A(xxi-xxvii)). Higher concentrations of porins (1,000× concentration) have to be applied to the membrane patch to compensate for the decrease in insertion probability because of the marked reduction in membrane area.
Patch-clamp measurements of CNTP conductance in plasma membranes of live cells (Step 59B(i-xii)).
The patch-clamp technique gives us the ability to observe the interactions of CNTPs with the plasma membranes of live cells. Similar to the BLM measurement, we can deliver the CNTPs to the cell membrane through the patch pipette and use the ionic current measurements to observe the CNTP incorporations. Even though these two measurements are conceptually similar, the protocols for them differ in several significant ways, and thus we describe them in a separate section of the protocol. Finally, we focus on the statistical analysis of the data in a separate section following the protocol description.
Limitations
The main source of the variability in the CNT porins produced by this technique is the inherent inhomogeneity of the raw CNT material used for the protocol. Although CNT separation procedures have made significant strides in the past few years [37] [38] [39] [40] , commercial sources of homogeneous purified CNT material with uniform diameters and chiralities are essentially nonexistent. Thus, the properties of the CNTPs synthesized in this protocol would reflect the presence of the variety of the nanotube diameters and chiralities in the source material. Our method of cutting relies on ultrasonic wave energy to exfoliate the CNT
Box 2 | pH calibration curve for fluorescence emission from liposomes (LUVs)
• tIMInG 2 h procedure 1. Use the Henderson-Hasselbalch equation to determine the final pH after each step addition of 1 M HCl:
2. Measure fluorescence emission (ex, 450 nm; em, 514 nm) of encapuslated pyranine dye in LUVs as you titrate 1-µl step additions of 1 M HCl. 3. Normalize the fluorescence signal to the emission intensity at pH 7.5 and create a standard curve based on the normalized fluorescence emission and the calculated final pH in the pyranine-encapsulated LUV, and obtain the calibration from a linear fit through the data (see example data; error bars (± s.e.) obtained by averaging four different measurements) 45 . bundles and nucleate the defects produced in the CNT sidewall that lead to the CNT fracture, ultimately segmenting the macroscopically long CNTs into CNTPs. As there is always some variation in the extent of bundling and aggregation in the starting material, the end products must always be assayed to confirm CNTP yield and functionality. Furthermore, we still do not have precise control of the lengths of CNTPs produced at the end of the run. Even though we use centrifugation to remove uncut and aggregated materials, we are still left with a polydisperse size population in the final product. This problem could be partially remedied by the use of differential centrifugation or ultracentrifugation speeds to fractionate the CNTPs into more homogeneous subpopulations. Lack of precise control over the CNTP structure also sometimes leads to the presence of noise in the electrophoretic current signal recorded from CNTPs, which can be undesirable for some biophysical studies. Further research and, perhaps, even some new approaches are necessary to achieve better control of the fabrication procedure and produce highly uniform CNTP products that could deliver enhanced versatility and fidelity for a range of applications. Because of the inherent variability in the commercial batches of raw CNT materials, slight adjustments to some of the process parameters (such as the sonication duration and lipid-to-CNT ratios) may be required for optimal cutting efficiency and to maximize the yield of CNTPs. Adjust the pH of the buffer to 7.51 using 1 M HCl. This solution can be stored at room temperature for 6 months. Buffer C Buffer C is 10 mM HEPES, 150 mM NaCl, and 30 mM KCl. Adjust the pH of the buffer to 6.9 using 1 M HCl. This solution can be stored at room temperature for 6 months. water. All solutions must be filtered through 0.22-µm-pore filters.
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EQUIPMENT SETUP BLM chamber
We use a home-built BLM chamber (Fig. 4a) . Briefly, the BLM chamber consists of a cylindrical Teflon cup (20-25 mm diameter) with a 5 × 5 mm observation window at the bottom. A thin (25-50 µm in thickness) Teflon film (partition) is attached to the rim of the observation window with PDMS or an adhesive. The Teflon cup has two handles with grooves that fit the wall of a standard 35-mm Petri dish so that the chamber can be mounted directly on the top of the dish (Fig. 4a,b) . The Teflon partition has a small (50-100 µm) circular aperture made using a sharp microneedle. Ground and measuring electrodes Ag/AgCl pellet electrodes are used as ground (reference) electrodes (Fig. 4a,b) in experiments with both BLM and cells. It is important to take proper care of the pellet electrode after each use by rinsing it with EtOH and soaking it in pure water for several minutes.
To prevent the addition of silver into the experimental chamber, use agar bridges. Thin Teflon-coated silver wire is used for the recording electrode located inside the patch pipette (Fig. 4b) . The wire has to be plated ('chlorided') by immersion into undiluted Clorox bleach solution for 10-15 min. It is important to carefully peel off the protective Teflon film from the end (~5 mm) of the wire and rinse it with EtOH and water before immersing the tip into the bleach. If the wire has been previously treated with chloride, the old coating has to be completely removed with diluted HCl. Patch pipettes can be postprocessed to improve the probability of gigaseal formation (e.g., by heat-polishing of the tip), and to decrease the electrical noise associated with the pipette (e.g., via Sylgard coating) 42 . These procedures are not required for the detection of CNTP insertion into the membrane or for resolving the associated changes in membrane conductance. However, the postprocessing might be critical for resolving CNTP conductance substates or working with 'hard to patch' cell lines.
Proper protocols for micropipette fabrication ('pulling') should be established for each type of glass used in experiments. Refer to the micropipette puller instruction (e.g., Sutter Pipette Cookbook for Sutter puller instruments) for guidance. The aim of the protocol is to robustly produce pipettes with a standard tip diameter. The diameter is generally estimated from the electric resistance of the pipette; typically, we use pipettes with electrical resistance of 3-6 MΩ in DPBS or KCl-based solution of physiological osmolarity in the CNTP experiments. Ideally, patch pipettes should be fabricated immediately before the experiment. If pipettes are prepared earlier, they should be kept in a sealed jar to minimize accumulation of contaminants on the pipette tips.
Fill the pipette with the appropriate internal solution right before the experiment (PROCEDURE, Step 59A(ix)). It is advisable to fill the pipette to the level defined by the capillary force. To ascertain the level, use the capillary glass as provided by the manufacturer, dip the tip of the capillary into the internal solution, and measure the height of the capillary rise. Electrical noise checkup All the equipment in the electrophysiology setup, especially the microscope body and isolated parts, should be properly grounded. The setup shall also be shielded from the external noise by a Faraday cage. Instead of a large cage enclosing the whole setup, local shielding constructed around the microscope stage can be used. Such shielding provides protection from nearby sources of noise, such as electrical micromanipulators. Metals sheets or foil, electrically connected to the grounding point, can be used for the local shielding. It is recommended to use an oscilloscope for the initial visual inspection of the noise level: with open input of the amplifier, the current output yields a flat baseline with uniform background noise at high gain (e.g., 100 mV pA −1 ). The r.m.s. amplitude of the noise should be ~0.1 pA.
? trouBlesHootInG
Automated protocols for patch-clamp measurements of CNTP conductance
To analyze the ionic permeability (conductance) of individual CNTPs, the voltage-clamp mode of the patch-clamp amplifier is used. In this mode, the voltage applied to the recording electrode, V app (Fig. 4b) , is controlled by the patch-clamp amplifier. Different V app are used at different stages of the patchclamp experiments (e.g., PROCEDURE, Step 59A(x, xvii-xix): constant V app of different amplitudes is applied to measure CNTP conductivity while timedependent V amp (ramps and steps) is applied during the preparatory procedures (PROCEDURE, Step 59A(x)). The corresponding voltage protocols that define time dependence and amplitudes of V app are created using the PatchMaster software controlling EPC10 amplifier. For manually controlled amplifiers, the protocols can be created and applied using a function generator.
The current through the recording electrode (I rec ) is collected (filtered and digitized) using the intrinsic filters and analog-to-digital converter of EPC10 amplifier. The acquisition rate is defined by the characteristic times of membrane processes; the corner frequency of the filter is set at approximately half of the rate. For routine detection of CNTP incorporation in a membrane, a 5-kHz acquisition rate and 2.9-kHz filter corner frequency can be used. Faster acquisition might be required to resolve fast current changes during CNTP gating and blocking.
To calculate the CNTP conductance (G CNTP ), the transmembrane potential difference shall be used. In the BLM system,
where V ref is generally set at 0 level by the ground electrode (Fig. 4b) . Hence, V app can be directly used to calculate the CNTP conductance from V rec (PROCEDURE, Steps 59A(xix) and 59B(xii)). In cellular systems, G CNTP = I rec /(V app − V cyt ), where V cyt is the stationary electrical potential of the cytoplasm (PROCEDURE, Step 59B(vii and viii)). V cyt is to be determined from the current/voltage characteristic (I/V curve) of the plasma membrane of the cell (PROCEDURE, Step 59B(viii)); use a voltage ramp (e.g., from −70 to +70 mV, 50 mV s −1 ) or a predesigned I/V protocol to measure V cyt . 2| Set the TGA parameters to run the following program: ramp 5 °C per min to 800 °C; pan purge flow is 25 ml min −1 in air.
3|
Using the analysis software, obtain the mass-temperature profile, derivative mass-temperature profile and onset oxidizing temperature. Typically, for NanoLab CNTs, we observed an onset oxidizing temperature of 461.55 °C.
tGa purification of sWnts • tIMInG 4 h 4| Add 1 mg of SWNTs into an aluminum (Al) TGA pan.
5|
Set the TGA parameters to run the following program: ramp 5 °C per min to onset temperature as determined by the characterization Step 3; pan purge flow is 25 ml min −1 in air.
cnt ultrasonication cutting • tIMInG 2 d 6| Lipid preparation. Add 1.44 ml of 25 mg ml −1 DOPC lipid in chloroform into a 20-ml glass scintillation vial using a glass syringe, and label the vial as 'vial A' .
7|
Gently evaporate the chloroform using a RotaVap instrument to form a thin and uniform lipid film on the wall on the glass vial.
8|
Place the glass vial containing the lipid film into a desiccator, and dry the sample overnight to remove any trace residual solvent.  crItIcal step The chloroform must be completely evaporated from the sample. 10| Add an additional 7 ml of Milli-Q-purified H 2 O into vial A, bringing the total volume to 14 ml and the lipid concentration to 2.57 mg ml −1 . The sample should be turbid and viscous, as the lipid film continues to hydrate and lift off the glass vial.
11|
Using a water bath sonicator, bath-sonicate vial A for 45 min at room temperature.  crItIcal step Cap this vial and wrap a Parafilm strip around the cap seal to firmly secure the cap in place so that it does not become loose during sonication. Bath sonication ensures that the CNT flakes in solution are coated with lipid to prevent instantaneous precipitation.
12|
Ultrasonicator setup. Set up the QSonica ultrasonication converter in the sound enclosure by securing it with a clamp on an internal support post.
13| Assemble the 0.25-inch sonicator microtip onto the converter head, and make sure that the tip is tightened securely by following the manufacturer's instructions.
14|
Cooling the converter. Attach 0.25-inch PTFE tubing into the threaded inlet and outlet air ports using the appropriate-sized fittings to allow for continuous cooling of the converter during the sonication run. ~15 psi of dry, clean air supply pressure is required.  crItIcal step Attach a clamp onto the converter standing rod to position the outlet air line pointed toward the microtip at the joint line between the converter and the micro-probe tip.
15| Set up the copper block water circulator below the microtip, and add 0.5 ml of mineral oil into the sampler holder well.  crItIcal step The mineral oil helps to distribute heat and prevents evaporation of the sample during the long sonication times.
16| Set the water circulator to 35 °C, and run it to equilibrate the copper block. Run the water circulator continuously through the entire sonication procedure.
17|
Place the sample vial into the copper block, and lower the probe tip into the vial such that it is immersed into the solution to a depth 1.5× the tip diameter.  crItIcal step Before processing the actual sample, it is recommended to test the probe in the same vessel filled with water to observe the ultrasonic-energy-induced flow pattern and adjust the probe's depth until adequate mixing is achieved. The immersion depth must be sufficient to prevent foaming while allowing the sample to mix well.
18| Attach a thermocouple to the instrument port and insert the thermocouple tip into the space between the glass vial and the copper block wall. The thermocouple wire can be routed into the sound enclosure through a small hole drilled into one of the side panels.
19|
Place a glass or plastic beaker containing ~100 ml of water inside the sound enclosure to provide a humid environment and to prevent evaporation of the sample during the sonication run cycle.
20|
Close the sound enclosure door securely, and run the following program on an ultrasonic processor: amplitude, 35% (17-19 W); process time, 12:00:00; pulse-ON time, 00:00:03; pulse-OFF time, 00:00:01; select 'Temperature Monitoring' and set shutdown temperature at 60 °C. Note: the process time accounts for only the time that the sonicator is running (pulse ON-time), so the entire procedure will require 16 h. ! cautIon Sonicators are extremely loud devices and will cause strong discomfort to the user and anyone nearby. It is highly recommended to wear ear protection (passive isolation headphones, ear plugs, or both) while standing in close proximity to the instrument while it is running. Do not run the instrument with the sound enclosure door open, as this could result in hearing damage! 21| After the ultrasonication cycle is completed, turn off the generator, chiller, and air flow, raise the probe tip out of the sample vial, and remove the sample from the copper block.
22|
Carefully wipe clean any residual mineral oil that may be coating the outside of the vial from the copper block holder.
23|
Transfer the contents of the glass vial into a 15-ml conical centrifuge tube, and centrifuge the sample at 10,300g for 1 h at 20 °C, followed by a 28,000g spin for 10 min at 20 °C.
24|
Carefully aspirate the supernatant with a glass pipette (try not to disturb the pellet), and transfer the resulting light-gray solution into a clean glass scintillation vial for storage for up to 6 months at 4 °C. This final sample will be referred to as CNTPs.
raman spectroscopic analysis of the cnt product after ultrasonication • tIMInG 4 h 25| Clean a glass slide or use a glass-bottom six-well plate and transfer 150 µl of the CNTPs from Step 24 onto the glass, and allow the water to completely evaporate in a desiccator attached to a vacuum pump.
26|
Obtain a Raman spectrum of the dried CNTP sample using 633-nm laser excitation.
27|
Analyze the spectral characteristics of the CNTP sample as described in Box 1.
H + transport assay to assess cntp incorporation into liposomes and cntp batch quality • tIMInG 2-3 d 28| Liposomes (LUV) and CNT-liposome (CNT-LUV) preparation.
Prepare two vials of dried DOPC lipid film by aliquotting 80 µl of 25 mg ml −1 stock solution and using a RotaVap instrument to gently dry a lipid film on the walls of the glass vials (labeled 'LUV' and 'CNT-LUV'). Transfer 1 ml of the CNTP solution from
Step 24 into a third glass vial (labeled 'CNTPs').
29| Dry the three vials in a vacuum desiccator overnight to remove all residual traces of solvent.
30| Add 1 ml of buffer A into the vials labeled 'LUV' and 'CNTPs', and bath-sonicate these solutions for 10 s.
31|
Add the 1-ml contents of the CNTP vial into the CNT-LUV lipid film vial and bath-sonicate for an additional 10 s.
32|
Allow the LUV and CNT-LUV solutions to hydrate for 30 min at room temperature, and transfer the solutions into individual 2-ml Eppendorf tubes.
33| Flash-freeze the samples in liquid nitrogen (LN), and subsequently thaw them in a 50 °C water bath. Repeat this process at least ten times. ! cautIon The vapor of LN can rapidly freeze skin tissue and eye fluid, resulting in cold burns, frostbite, and permanent damage. LN should be handled in well-ventilated areas. Handle LN slowly to minimize boiling and splashing, and use tongs to withdraw objects immersed in the cryogenic liquid.
34|
Assemble the parts of an Avanti Mini Extruder kit with a 200-nm track-etched polycarbonate membrane.
35|
Extrude the LUVs 21 times and store them for up to 24 h in a fresh Eppendorf tube labeled 'LUVs' .
36|
Disassemble the extruder parts, and discard the filter supports and membrane. Thoroughly clean all the parts with 100% (vol/vol) ethanol and water, and dry them.
37|
Repeat Steps 34-36 for the CNT-LUV sample.
38| Pack a 100-mm polypropylene column with Sepharose CL-6B resin with a porous disc at each end of the column as per the manufacturer's instructions.
39|
Equilibrate the column with 30 ml of buffer B.
40|
To remove excess free, unencapsulated pyranine dye from the liposomes, add the LUV sample to the size-exclusion column and elute with buffer B. Collect the eluent fractions in a 96-well plate. The LUV sample will be yellow in color and slightly turbid because of the liposomes in solution.
41| Allow the excess free dye to completely run through the column, wash the column with 30 ml of buffer B to re-equilibrate, and clean the column for use with subsequent samples. 
42|
50|
Remove the cuvette from the instrument and plot the normalized fluorescence intensity versus time data to generate the calibration curve needed to convert fluorescence emission changes to pH changes. See Box 2.
51|
Proton permeability of liposomes. Compare proton permeability of liposomes and CNT-liposomes to assess functionality of CNT porins for transport. Add a mini magnetic stir bar and 2 ml of buffer C into a fluorimetry cuvette and place it in the fluorimeter. Make sure that the stir bar is spinning fast enough to mix the solution rapidly but is not shaking the cuvette.
52|
Measure the baseline fluorescence while exciting the sample at 450 nm and collecting emission intensity at 514 nm.
Equilibrate the sample until a steady baseline is observed.
53|
Restart the measurement when the baseline is achieved, and close the detector shutter and open the fluorimeter sample holder lid under dark conditions.
54|
Using a pipette, carefully and quickly add 70 µl of the LUV sample from the elutions collected in the 96-well plate (Step 40).  crItIcal step Do not touch the stir bar or the cuvette while adding the sample.
55|
Immediately close the fluorimeter sample holder lid and open the detector shutter to continue fluorescence emission measurement.
56|
Stop the measurement once the emission intensity reaches a baseline.
57|
Remove the cuvette and collect the data from the FluorEssence Software program for analysis, as shown in Box 3.
58|
Repeat Steps 51-57 for the CNT-LUV sample.
patch-clamp experiments using artificial or cellular membranes 59| At this point, individual CNT porins can be characterized in model lipid membranes or cellular membranes. To set up a BLM experiment for patch-clamp analysis on model lipid membranes, follow option A. To perform patch-clamp experiments on cellular membranes, follow option B. These can be treated as optional measurements that assess a particular functionality of CNTPs, or they both can be followed to obtain a comprehensive characterization of CNTP activity in artificial and biological membranes. Note that incorporation of single CNTPs into model lipid membranes can be resolved in the whole BLM experiments. However, patch-clamp measurements provide better signal-to-noise ratios required to characterize conductance substates and gating events, and ultimately provide a reference point for cellular experiments. In addition, the unitary conductance value of CNTPs obtained in model lipid membranes can facilitate discrimination of CNTP conductance from that of endogenous protein channels in cellular membranes. (Fig. 4a) . Insert the ground electrode in the lower compartment (Fig. 4a) . Carefully fill the upper and lower compartments with KCl solution to the same liquid level to avoid a hydrostatic pressure difference across the aperture in the partition (Fig. 4b) . If a liquid flux through the aperture is visible, wait for equilibration of the fluid levels before proceeding. (ix) Use a MicroFil syringe needle with a 1-ml syringe to backfill a micropipette with the KCl solution. Insert the pipette into the pipette holder (Fig. 4a) , and fix it tightly. Set the patch-clamp amplifier gain low (0.1 mV pA −1 ; avoid using higher gains). Apply a weak positive pressure through the holder port. Using a micromanipulator, move the pipette toward the center of the upper compartment and then downward to dip the pipette into the solution. Compensate the electrode offset using the standard compensatory circuit of the patch-clamp amplifier (e.g., Antonov et al. 41 ). The offset should be compensated when the inner and outer compartments of the chamber can communicate-that is, before the formation of BLM. At this stage, place the pipette far from the partition aperture to avoid accidental pipette damage during the BLM formation.  crItIcal step In the whole-BLM experiments, the patch pipette acts merely as a recording electrode (Fig. 4b) . The Ag/AgCl recording electrode can be placed directly into the upper compartment of the BLM chamber 19 . (x) Apply 1 V s −1 , −50 to +50 mV voltage ramps (V app = αt, where V is voltage, α is ramp speed (here 1 V s −1 ), and t is time). Verify that the current through the recording electrode has a similar ramp shape.
(xxiv) Change the pipette holder to the one dedicated for CNTPs. Use a MicroFil syringe needle with a 1-ml syringe to backfill a micropipette with the KCl-CNTP solution, and mount the pipette in the holder. Apply slight positive pressure through the holder port, and immerse the pipette into the upper compartment of the chamber.  crItIcal step Use dedicated MicroFil syringe needles and syringes for CNTP-containing solutions. (xxv) Repeat Step 59A(xxii).
? trouBlesHootInG (xxvi) Repeat Step 59A(xix). The CNTP incorporation is seen as sharp increases of the measured current ∆I rec (Fig. 4d, +CNTP Patch-clamp glass is recommended for CHO and HEK293T cells, whereas quartz capillary is suitable for RBCs. (vi) Select an individual cell and approach the cell according to the algorithm described in Step 59A(xxii). At the final stage, aim the pipette toward the cell center. The moment when the pipette touches the plasma membrane can be resolved optically as a subtle change of the cell image. However, we recommend always monitoring the electrical response and stopping the downward movement of the pipette as soon as the current decrease is detected. As in the case of BLM, increase the amplifier gain up to 50-100 mV pA −1 and wait until the current signal stabilizes. Typically, the gigaseal resistance shall exceed 1 GΩ.  crItIcal Although in BLM experiments the gigaseal forms spontaneously, it is often critical to apply a weak negative pressure to the micropipette (through the holder port) after establishing the initial contact with the cellular membrane.
? trouBlesHootInG (vii) Apply the desired constant potential (the magnitude of the potential depends on the resting potential of the cell:
for non-excitable cell lines having small resting potential, −50 and +50 mV holding potentials can be used, similarly to the BLM experiments). Record the current for 10 min to access the long-term stability of the gigaseal and record possible intrinsic channel activity. (viii) Decrease the gain of the amplifier to 1 mV pA −1 (switch to the whole-cell mode of the patch-clamp amplifier if appropriate). Apply the voltage pulse protocol (10 mV per 10-ms pulse at 50 Hz). Rupture the membrane patch by acutely applying moderate negative pressure (suction) to the holder port 41 . The rupture manifests as an increase of the current response to the voltage pulse and the appearance of characteristic slow capacitive 'transients' (current peaks at the beginning and the end of the pulse corresponding to charging of the plasma membrane). Apply the I/V voltage protocol (e.g., −70 to +70 mV ramp, 5 mV s −1 or a preset I/V protocol). Record the current I mes , and determine the resting potential V cyt as the potential at which I mes = 0. ? trouBlesHootInG (xii) Change V app to + 50 mV. Record the changes of the transmembrane current produced by CNTPs incorporated into the membrane patch (Fig. 5a,b) for 10 min. Repeat with V app = −50 mV to access for possible asymmetries in CNTP incorporation and the effects of the intrinsic asymmetry of the plasma membrane. The CNTP incorporation is seen as characteristic stepwise current jumps of the amplitude ∆I rec (Figs. 5c and 6a) . The CNTP conductance can be estimated as G CNTP = ∆I rec /<V cyt >, where <V cyt > is the averaged resting potential measured for the cell line of interest. V cyt can also be measured for each cell after the recording of the CNTP activity according to the procedure described in Step 59B(vii). Statistical analysis of the current jumps is required to determine the unitary conductance of a CNTP (Box 4). 
Box 4 | Additional notes on data processing and analysis of single CNTP conductance measurements
Detection of the incorporation events is based upon comparative analysis of the behavior of membrane conductance, with and without CNTPs present in the bulk. In the simplest case, the stable low-conductance baseline is observed in control (no CNTPs) experiments in the BLM systems (Fig. 4d, control trace ) or in cells with extremely low levels of channel activity, such as red blood cells 46 (Fig. 5c,  control trace) . In this situation, characteristic stepwise increases of the membrane conductance emerging upon addition of CNTPs to the bulk (as those shown in Figs. 4d and 5c , +CNTP traces) directly indicate membrane insertion of individual CNTPs.
(continued)
? trouBlesHootInG Troubleshooting advice can be found in table 1. Cover the aperture in the partition with a thick lipid and squalane film, and check whether the problem persists. If so, remake the chamber. Repeatable jump-like deviations of the baseline from 0 indicate spontaneous formation of lipid pores that can be caused by impurities and/or stress 40, 41 Pores in lipid bilayers have no defined phenotype; their amplitudes and lifetimes can vary greatly (e.g., refs. 40, 41) . Importantly, the pore conductance can be similar to that of an ion channel, in the range of 100 pS at physiological ionic strength. Hence, appearance of transient ~10-pA (note 100-mV holding potential) deviations of the current baseline from 0 indicate spontaneous formation of lipid pores, the activity interfering with the CNTP measurements. If this activity is persistent, the BLM chamber and the brush need to be cleaned and the whole procedure repeated from Step 59A(i)
antIcIpateD results
Using the methods detailed in this protocol, you should be able to create aqueous CNTP suspensions that are stable for at least 3 months. The preparation should yield CNTPs similar to the material shown in the TEM images (Fig. 3a) . Typically, the QSonica 0.25-inch microtip is subjected to substantial wear during the preparation procedure. We observed that the tip efficiency decreased drastically after three rounds of 16-h operations, so we replaced the tip after every third run. After centrifugation of the cut products, we did not observe precipitation in our samples for at least 10-12 weeks. We found that it is essential to ensure the removal of impurities from the starting material using TGA, as we obtained either completely unsuccessful or substandard results when this step was omitted. Raman spectroscopy characterization Formation of the gigaseal in cellular systems is a probabilistic event. Besides contamination of the pipette tip (the main cause of troubles in the BMM system), formation of tight contact between the pipette and the plasma membrane can be compromised by local perturbations of the plasma membrane the very patch pipette produces. Choose a large and healthy-looking cell, approach the cell gently and slowly, apply force/pressure incrementally, use narrow pipettes (with input resistance of 5-10 MΩ) and try different types of the patch-pipette glass. Even under ideal conditions not every pipette will produce a stable gigaseal; discard the pipette after the first unsuccessful attempt. It is also advisable to consult published patch-clamp protocols that are specific for the cell line of interest (Box 1) of the CNTP product coupled with the ion transport functionality assay (Box 3) should indicate whether the sonication run was successful. When sonication runs were unsuccessful (if operating conditions were nonoptimal), the fluorimetry assay did not show enhanced ion permeability, and the pH-gradient dissipation kinetics was indistinguishable from that of the control LUV samples, indicating that either the synthesis procedure did not produce enough CNTPs suitable for membrane insertion or the CNTPs produced in those runs were damaged and could not support efficient membrane transport. The example data shown in Box 3 demonstrate that a successful CNTP preparation produces CNTP-LUVs that clearly show enhanced proton-transport characteristics. Note that as the transport through the CNTPs is typically quite fast, even a relatively small number of porins inserted into a vesicle should produce measurable differences in transport behavior. With this CNTP starting material, researchers can create CNT-LUVs (Fig. 3b,c) and use them much like regular proteoliposomes for a number of biochemical assays in a range of applications. The typical unitary conductance value of the 1.5-nm-diameter CNTPs should range between 70 and 90 pS in physiological ionic strength conditions, and should increase to ~600 nS in 1 M KCl. (The unitary conductance of the CNTPs is linearly dependent on the ionic strength of the bulk electrolyte at least in the range of 0.1-2 M (ref. 19) .) These values are also similar to the typical ionic conductance values of biological ion channels. CNT-porins could also display stochastic gating behavior (see, for example, Fig. 6b,c) , wherein the channel conductance fluctuates between substates, which could be seen and analyzed using the all-point amplitude histogram (Fig. 6c,d) . These properties should allow researchers to use CNTPs as robust biological channel substitutes in a variety of single nanopore measurements and applications.
